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Edited by Shou-Wei DingAbstract In plants and in some animals, the eﬀects of post-tran-
scriptional RNA silencing can extend beyond its sites of initia-
tion, owing to the movement of signal molecules. Although the
mechanisms and channels involved are diﬀerent, plant and animal
silencing signals must have RNA components that account for
the nucleotide sequence-speciﬁcity of their eﬀects. Studies car-
ried out in plants and Caenorhabditis elegans have revealed that
non-cell autonomous silencing is operated through specialized,
remarkably sophisticated pathways and serves important biolog-
ical functions, including antiviral immunity and, perhaps, deve-
lopmental patterning. Recent intriguing observations suggest
that systemic RNA silencing pathways may also exist in higher
vertebrates.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1.1. Discovery and manifestations of systemic RNA silencing in
plants
Non-cell-autonomous post-transcriptional gene silencing was
discovered in transgenic tobacco exhibiting spontaneous co-
suppression of nitrate reductase (Nia) that perturbed nitrogen
availability, and hence, caused chlorosis. Silencing appeared
ﬁrst in stochastically distributed and expanding cell clusters in
leaves, and was subsequently transmitted to the new growth
[1,2]. Similar systemic patterns had been observed with other
co-suppressed transgenes in tobacco, suggesting the existence
of an RNA silencing signal [3,4]. Breakthrough grafting exper-
iments indeed demonstrated 100% transmission of the Nia
co-suppressed state from silenced rootstocks to non-silenced
transgenic scions [5]. Shortly after this discovery, leaf-inﬁltra-
tion of recombinant Agrobacterium cultures (agro-inﬁltration)
into transgenic Nicotiana benthamiana expressing the green
ﬂuorescent protein (GFP) was found to trigger a systemic,
sequence-speciﬁc loss of GFP expression ([6] and Fig. 1). Since
then, non-cell autonomous silencing has been documented in
several additional plant species, including sunﬂower, curcubits,
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doi:10.1016/j.febslet.2005.09.039cago [7–10]. It was also recently demonstrated in fern gameto-
phytes [11]. In all cases where it has been tested, systemic
RNA silencing is post-transcriptional and not inherited, unless
as a transgene feature.
1.2. Initiation of systemic transgene silencing
1.2.1. Spontaneous trigger. Spontaneous Nia systemic
silencing occurred at a frequency of 5–45%, but only in Class-
II plants, in contrast to Class-I plants, which were unable to
trigger Nia silencing de novo unless grafted onto silenced
Class-II plants [12]. The diﬀerence was not due to transgene
copy number but, rather, to an ill-deﬁned transgene feature
potentiating spontaneous silencing, presumably through accu-
mulation of a particular RNA product in Class-II lines. Trans-
gene dosage was, however, pivotal for Class-II spontaneous
silencing, indicating both qualitative and quantitative require-
ments.
1.2.2. Exogenous silencing activation identiﬁes siRNA as the
ultimate systemic silencing trigger. Systemic silencing was not
spontaneous in transgenic GFP N. benthamiana: it occurred
only if plants were provided with ectopic GFP transgene cop-
ies, via agro-inoculation or biolistically [13,14]. Bombardment
of Nia-homologous DNA constructs likewise activated 100%
systemic silencing in non-silenced Class-II plants [15]. Both
in Nia and GFP systems, sense, antisense and promoterless
DNA triggered systemic silencing, but promoterless sense con-
structs were less eﬃcient than equivalent constructs with a
strong promoter. Biolistically-induced systemic silencing of
tobacco chitinase transgenes and of several endogenous genes
in fern gametophytes gave similar results [11,16] and, in all
systems, the proportion of silenced plants was increased as
the length of homology between bombarded and targeted
sequences was increased. Recently, similar plant systems were
used to investigate the eﬀect of bombarded RNA. Full-length
sense and antisense RNA triggered systemic silencing at a low
frequency, which was greatly enhanced if both strands were
pre-annealed into dsRNA before bombardment. Notably, a
single synthetic siRNA duplex, unlike individual siRNA
strands, was nearly as eﬃcient as the full-length dsRNA [16].
Leaf-inﬁltration of total RNA from systemically silenced
transgenic sunﬂowers also triggered systemic silencing in
non-silenced transgenic plants, as did the 20–25nt RNA frac-
tion [7]. Thus, virtually any type of nucleic acid can trigger
systemic silencing in transgenic plants, provided it shares the
required sequence homology with target RNAs. However,
based on the above results, it is likely that systemic silencing
is ultimately initiated by siRNAs that are processed from
dsRNA. How, then, is this proposal reconciled with theation of European Biochemical Societies.
Fig. 1. Initiation, propagation and completion of GFP systemic silencing in transgenic N. benthamiana. The ﬁrst inlay shows a mature leaf in which
GFP silencing has been initiated by syringe-inﬁltration of recombinant Agrobacterium tumefaciens providing ectopic GFP transgene copies into plant
cells. The red color is from chlorophyll ﬂuorescence under UV illumination and indicates GFP silencing. Note the border of 10–15 cells surrounding
the inﬁltrated zone, which indicates localized silencing cell-to-cell movement. The imprint left by the syringe used for bacterium delivery is visible in
the centre of the inﬁltrated patch. The image in the middle shows the typical sink-to-source distribution of the propagating silencing signal. Silencing
ﬁrst unloads from the vein network and progressively invades the lamina, such that the silenced phenotype becomes more extensive as leaves get
older. The third inlay depicts an older plant in which systemic GFP silencing has nearly invaded all tissues. The extent and uniformity of the silenced
phenotype implies that the signal is relay-ampliﬁed.
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moterless DNA and sense RNA?
1.2.3. Role of RdRps in systemic silencing initiation. Nia co-
suppression was a manifestation of sense-transgene silencing,
which, in Arabidopsis, is now known to depend upon RDR6,
an RNA-dependent RNA polymerase (RdRp) thought to con-
vert aberrant single-stranded transgene transcripts into dsRNA
that activates silencing [17,18]. Cap- or polyadenylation-deﬁcient
RNAs likely constitute aberrant RDR6 substrates [19]. Possi-
bly, Class-II Nia transgenes were more prone to produce an
aberrant (ab)RNA than Class-I transgenes; accordingly,
increased dosage of Class-II transgenes may have facilitated
cellular detection and processing of abRNA. Notably, the
silencing onset prevailed in mature leaves [2], where many cells
undergo endoreduplication (a non-mitotic somatic polyploidy-
zation [20]) such that chromosome duplication could also have
contributed to increase the abRNA pool. In fact, the random-
ness of endoreduplication [20] also provides an attractive
explanation for the stochastic distribution of silencing foci in
Class-II leaves [20]. The low systemic silencing frequencies
obtained with bombarded sense and antisense RNAs could
similarly reﬂect the low probability of their detection and con-
version into dsRNA by RdRps. This may also explain the
eﬀect of bombarded promoterless DNA because these con-
structs were spuriously transcribed in fern gametohypes, pre-
sumably from endogenous promoters, upon their genomic
integration [11]. Although RdRp activities may be sometimesrequired, they are, however, not mandatory for systemic silenc-
ing initiation. Hence, the RDR6 N. benthamiana ortholog
(nbRDR6) was dispensable for systemic GFP silencing trig-
gered by an inverted repeat (IR) transgene, presumably because
dsRNA production was genetically programmed in this system
[21]. The same likely applied to systemic silencing from trans-
genes encoding replicating viruses, as viral-encoded RdRps
produce dsRNA during replication [22].
1.3. Channels for silencing movement in plants
1.3.1. Long-distance and cell-to-cell transport in plants. Plant
long-distance traﬃcking occurs in the vasculature through xy-
lem and phloem conduits, both of which are restored during
grafting (Fig. 2, inlay 4). Xylem dead cells distribute water
and minerals but can also accommodate movement of large
ribo-nuleoproteic (RNP) complexes such as xylem-transmitted
viruses. The phloem, made up of living enucleated sieve ele-
ments assisted by companion cells (Fig. 2, inlay 4), distributes
photo-assimilates, RNA and proteins throughout plants and
is the long-distance transport system of most phytoviruses.
The phloem stream follows a pattern whereby mature, photo-
synthetically autonomous organs – the phloem sources – export
carbohydrates into the new growth, which is therefore a phloem
sink. Cell-to-cell communication occurs either via extra-cellular
secretion or through membrane-lined pores connecting adjacent
cells called plasmodesmata (Fig. 2, inlay 2). Plasmodesmata
have dynamic size-exclusion limits and deﬁne a cytoplasmic
Fig. 2. The pathways for systemic silencing and virus movement in plants are the same. The ﬁrst inlay schematizes the biolistic delivery of an
exogenous RNA silencing trigger (star) in the upper epidermis of a mature leaf. Note the high vein density in the leaf. Once initiated, the silencing
signal moves from cell-to-cell through plasmodesmata, as depicted in the second inlay showing an electron micrograph of plasmodesmal pit ﬁelds
connecting two adjacent cell walls. Although silencing is shown in the middle diagram as moving towards the lower epidermis where it is excluded
from stomata guard cells (third inlay), it would normally be mainly directed towards the vascular system (fourth inlay) in a mature leaf. Long
distance spread in the phloem sieve elements would occur after the signal has crossed the bundle sheath, which forms a key checkpoint for systemic
macromolecular traﬃcking in plants.
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cells with the notable exception of mature guard cells involved
in gaseous exchanges through stomata (Fig. 2, inlay 3). Virus
cell-to-cell spread occurs exclusively through plasmodesmata
and requires viral-encoded movement proteins increasing pla-
modesmata aperture and facilitating viral RNP traﬃcking [23].
1.3.2. Silencing moves through the phloem and via plasmo-
desmata. In all studied examples, long-distance silencing
movement followed a strict sink-to-source pattern, indicating
phloem-mediated transport ([5,14,24]; Fig. 1; Fig. 2, panel 4).
Upon unloading in the new growth, transgene silencing spread
between cells of the leaf lamina. This movement was likely
symplasmic because it did not aﬀect mature guard cells that
had lost plasmodesmal connections as part of the physiological
program required for the formation of stomata ensuring gas-
eous exchanges [14,25] (Fig. 2, panel 3). However, guard cells
were not RNA silencing-defective because they became silen-
ced if they had received the signal before their symplastic
isolation [14]. Therefore, RNA silencing movement occursthrough the same phloem and plasmodesmal channels as those
used by most plant viruses (Fig. 2).
1.4. Cell-to-cell and phloem transport of transgene silencing may
involve separate mechanisms and, perhaps, separate signals
Altered plant growth conditions and genetic lesions in host
and viral genomes impact diﬀerently on long-distance and
cell-to-cell movement of phytoviruses, revealing mechanisti-
cally distinct processes [23]. Similarly, separate mechanisms
and, perhaps, separate signals likely account for plasmodesmal
as opposed to phloem-dependent silencing movement; accord-
ingly, the two processes will be covered independently here.
The ﬁrst evidence comes from agro-inﬁltration experiments
employing viral-encoded silencing suppressors. Thus, co-treating
GFP transgenic N. benthamiana leaves with a silencing trigger
and the AC2 suppressor of African cassava mosaic virus
resulted in 100% phloem-dependent silencing, whereas cell-
to-cell spread was eliminated at the margin of the co-delivered
zone [25]. Conversely, cell-to-cell silencing movement was
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(RYMV) P1 protein but phloem-dependent movement was
abolished [25]. Furthermore, a GFP-tagged Turnip crinckle
virus deprived of the P38 silencing suppressor was restricted
in single cells from which cell-to-cell, but not long-distance
movement of GFP silencing was elicited [26]. Thirdly, bom-
bardment of Nia-homologous DNA triggered the development
of chlorotic spots (see below) identical in diameter in all classes
of Nia transgenic plants, yet phloem-dependent movement was
speciﬁc to Class-II plants [12]. The fourth evidence is that
treatments of silenced tobacco with non-toxic cadmium con-
centrations prevented phloem-dependent, but not cell-to-cell
spread of silencing targeting reporter transgenes [27].1.5. Cell-to-cell movement of transgene silencing
1.5.1. Cell-to-cell movement of transgene silencing in sink and
source tissues. Spontaneous and biolistically-elicited silencing
in Class-II Nia plants was ﬁrst manifested as chlorotic spots,
10–15 cells in diameter, developing on mature leaves [2,15].
Similarly sized silenced foci also developed on mature leaves
of bombarded GFP transgenic N. benthamiana. Likewise,
silencing movement outside of agro-inﬁltrated regions (contrib-
uted by the outmost cell layer) did not exceed a nearly constant
number of 10–15 cells ([25] and Fig. 1, ﬁrst inlay). This local-
ized silencing movement is reminiscent of the limited size
increase of primary viral lesions in inoculated leaves and con-
trasts sharply with the extent of silencing in the new growth:
upon phloem unloading, silencing progressively invades the
entire lamina of sink leaves (Fig. 1, second inlay). With both
silencing and viruses, the phloem-source status of bombarded/
inoculated organs explains this initial movement restriction
because symplasmic traﬃcking in mature tissues is largely
directed towards the vasculature (for export of photo-assimi-
lates) and not between cells [23]. Conversely, dissemination of
carbohydrates between cells is favored in sink organs. Because
vein-restricted cell-to-cell silencing movement became extensive
in mature leaves experimentally converted into phloem-sink by
shading, changes in physiological status rather than mere diﬀer-
ences in silencing mechanisms likely explain the apparent
dissimilar cell-to-cell movement phenotypes of mature and
developing organs. Sequential agro-inﬁltrations showed that
localized GFP silencing movement was the same in wild type
and GFP transgenic N. benthamiana leaves, indicating that
presence of homologous transcripts in recipient cells was not
required [25]. In tobacco and Arabidopsis, agro-inﬁltration of
ectopic transgene constructs typically results in production of
at least two discrete siRNA species, 21nt and 24nt in size [28].
Localized GFP silencing movement was unaltered in leaves
co-treated with the RYMV P1 silencing suppressor that pre-
vents speciﬁcally 24nt siRNA accumulation; it was, by contrast,
abolished by suppressors eliminating both siRNA species [25].
Therefore, production of 21nt siRNAs was suﬃcient for local-
ized cell-to-cell movement [29].
Given that bombardments involved very limited amounts of
trigger nucleic acid, the extensive silencing cell-to-cell spread in
the new growth (Fig. 1, second inlay), although favored by its
phloem-sink status, implied that secondary signal molecules
were produced. An early indication of the molecular mecha-
nism underlying this ampliﬁcation came from biolistic experi-
ments carried out in GFP N. benthamiana [14]. The triggers
were PCR-ampliﬁed DNA fragments with 5 0 sequence of theGFP cDNA. Remarkably, systemic silencing not only targeted
the corresponding region of the GFP transgene, but also the
non-overlapping 3 0 sequences. This transitive RNA silencing
was subsequently identiﬁed as diagnostic of RdRp activities
in Caenorhabditis elegans and Arabidopsis [30–32]. In transiti-
vity, primary siRNAs trigger the RdRp-directed synthesis of
dsRNA, which is subsequently processed into secondary siR-
NAs that are not overlapping in sequence with the primary
siRNAs.
1.5.2. A link between ampliﬁcation and cell-to-cell movement
of transgene silencing. The role of RdRps in silencing move-
ment was investigated in the genetically amenable species Ara-
bidopsis thaliana, using a system that recreated the phloem
unloading and cell-to-cell spread of silencing observed in N.
benthamiana [25]. Isogenic GFP transgenic Arabidopsis, with
or without a knockout rdr6 mutation, were super-transformed
with an IR transgene corresponding to the 5 0 part (GF) of GFP
(Fig. 3A). This transgene generated high amounts of both 21nt
and 24nt siRNAs and was expressed from the phloem compa-
nion cell-speciﬁc SUC2 promoter, such that movement of
GFP silencing outside the vasculature could be monitored.
Although RDR6 transformants were uniformly silenced, the
spread of GFP silencing only aﬀected 10–15 cells beyond the
veins in rdr6 mutants (Fig. 3A), indicating that (i) the extent
of silencing movement outside the phloem was dependent
upon the activity of RDR6, and (ii) that vascular primary
signal molecules had moved over 10–15 cells without relay-
ampliﬁcation, consistent with the independence of localized
movement upon the presence of homologous transcripts (i.e.,
RDR6 templates) in recipient cells [25]. Similar experiments
carried-out with plants deﬁcient for SDE3, a putative RNA
helicase, showed that SDE3 also contributed to extensive
silencing movement, but less than RDR6 ([25] and Fig. 3A).
Despite their dissimilar silencing movement phenotypes wt,
rdr6 and sde3 leaves contained comparable levels of 21nt and
24nt GF siRNAs, revealing no correlation between the extent
of movement and primary siRNA accumulation in the phloem.
By contrast, P secondary siRNA levels were directly propor-
tional to the degree of silencing movement ([25] and Fig. 3A).
Interestingly, these secondary siRNAs, which could only arise
by transitivity mediated by RDR6 using the single-
stranded GFP transcripts as templates, were exclusively
21nt-long [25].
1.5.3. Plant factors required for movement of the cell-to-cell
silencing signal. A similar system was employed to identify
plant factors required for synthesis and movement of the Ara-
bidopsis cell-to-cell silencing signal. The IR construct (SUC-
SUL) expressed from the SUC2 promoter was targeted against
the SULPHUR mRNA [25]. Unlike the transgenic GFP
mRNA, this endogenous transcript was not transitivity-prone
because secondary SULPHUR siRNAs were undetectable.
Accordingly, SULPHUR silencing (manifested by chlorosis)
did not spread beyond 10–15 cells around the veins and was
unaltered in the rdr6 mutant background, indicating non-
ampliﬁed cell-to-cell silencing movement ([25] and Fig. 3B).
Screen for altered SUC-SUL phenotypes identiﬁed a class of
mutants, falling into three complementation groups, that had
lost the silencing movement phenotype yet produced the same
amount of 21nt and 24nt SULPHUR siRNAs in the phloem.
Because virus-induced gene silencing was unchanged in those
plants (conﬁrming the integrity of the siRNA-programmed
RISC) they are likely silencing movement deﬁcient mutants
Fig. 3. Cell-to-cell movement of RNA silencing targeted against a transgene and an endogenous gene in Arabidopsis. (A) Cell-to-cell movement of
GFP silencing is initiated by the GF-FG inverted repeat construct expressed under the SUC2 phloem-speciﬁc promoter. Silencing spreads beyond the
vascular system, but the extent of movement depends on the genetic background of the recipient plants and is correlated to the levels of secondary but
not primary siRNAs produced in this system. (B) Cell-to-cell movement of silencing against the SULPHUR endogenous gene resembles the spread of
GFP silencing in the rdr6 background because the SULPHUR mRNA, like many endogenous mRNA but unlike the transgenic GFP transcript, is
not prone to transitivity by RDR6.
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vasculature is altered [33]. SMD1, 2 and 3 are currently being
cloned, so their products remain unknown. Because the screen
relied on altered movement from companion cells, the involve-
ment of SMD1, 2 and 3 in silencing spread between all cell
types remain to be determined.
The PSRP1 small protein recently puriﬁed from cucurbit
phloem sap was shown, in microinjection experiments, to bind
and facilitate cell-to-cell transport of 25nt single-stranded
small RNAs between mesophyll and between epidermal cells
[8]. However, the signiﬁcance of this ﬁnding for RNA silencing
movement is unclear, as binding and movement of 21bp siR-
NA duplexes or 21nt single-stranded siRNAs was not tested
(see below), nor was the capacity of the injected small RNAs
to mediate silencing. In addition, PSRP1 was preferentially
expressed in vascular as opposed to mesophyll or epidermal
tissues, and does not have a clearly identiﬁable ortholog in
Arabidopsis or tobacco [8].
1.5.4. Plants factors required for synthesis of the cell-to-cell
silencing signal. The screen for altered SUC-SUL phenotypes
identiﬁed a second class of mutants in which silencing move-
ment and accumulation of the 21nt SULPHUR siRNA were
lost. However, accumulation of the 24nt siRNA was the same
as in parental SUC-SUL plants [33]. Together with the P1eﬀects on localized movement and 24nt siRNA accumulation
[25], this genetic data provides unequivocal evidence that the
24nt siRNA is not involved in cell-to-cell movement of trans-
gene silencing. All the mutant alleles deﬁning this complemen-
tation group were found to carry lesions in Dicer-like-4
(DCL4), one of the four Arabidopsis Dicer paralog with previ-
ously unassigned function [33]. Thus, DCL4 is most likely spe-
ciﬁcally required for biosynthesis of the 21nt siRNA, which
appears mandatory for silencing cell-to-cell movement. Collec-
tively, the results obtained in N. benthamiana and Arabidopsis
can be used to formulate a model for cell-to-cell silencing
spread in higher plants, which relies on movement and, in
some instances, on ampliﬁcation of the speciﬁc 21nt siRNA
product of DCL4 (Fig. 4).
1.6. Phloem-dependent movement of transgene silencing
1.6.1. Long distance movement of transgene silencing does not
require an ampliﬁcation step. Triple-grafting experiments
employing Nia transgenic plants indicated that the presence
of a transgene was not required for phloem-dependent move-
ment, as up to 20 cm of wt plant segment could be interspaced
without aﬀecting the eﬃcacy or rate of silencing transmission
in the top scion [5]. Experiments involving non-transgenic
plant sections gave similar results in the GFP N. benthamiana
Fig. 4. A re-iterative model for cell-to-cell transgene silencing movement involving traﬃcking and ampliﬁcation of the 21nt siRNA. The results in N.
benthamiana and Arabidopsis indicate that cell-to-cell movement of transgene silencing can be resolved into short-range (A) and long-range phases
(B). (A) Short-range movement can be initiated from one single cell and occurs over 10–15 cells. It is independent of homologous transcripts in
recipient cells, does not require the activity of RDR6 and SDE3 nor does it require the accumulation of 24nt siRNAs at the site of silencing
activation. Therefore, the 21nt siRNA product of DCL4, as opposed to target RNAs or transitivity products (i.e., de novo synthesised dsRNA and
secondary siRNAs), is the most probable candidate for the nucleic acid component of the short-range signal molecule. (B) Long-range cell-to-cell
movement is dependent upon RDR6 and SDE3, which use homologous transcripts as templates to produce new dsRNA. This molecule is processed
into secondary siRNAs that are exclusively of the 21nt size class, the proposed nucleic acid component of the short-range signal. In principle, short-
range and long-range cell-to-cell movement could be mediated by distinct mechanisms involving separate molecules. However, the diﬀerence is more
simply explained in terms of a single movement process with varying intensities. In this model, DCL4-dependent, 21nt-long primary siRNA produced
at the site of initiation would move to 10–15 adjacent cells, independently of the presence of homologous transcripts in those cells. Movement would
require the products of SMD1, 2 and 3 and perhaps other as yet unidentiﬁed cellular factors, possibly physically associated with siRNAs. Although a
requirement for energy has not been strictly tested, movement would likely occur passively and would lead to progressive dilution of the small RNAs.
This initial wave of short-range movement could then have two possible outcomes. First, primary siRNAs could initiate, in recipient cells, the
synthesis of secondary, 21nt-long siRNAs through the combined action of RDR6/SDE3 (using homologous transcripts as templates) and, possibly,
of DCL4. As proposed for the primary 21nt siRNAs, the newly synthesized 21nt siRNAs could then move over a further distance of 10–15 cells in
which the same RDR6/SDE3/(DCL4)-mediated process would be initiated. Such re-iterated short-distance signaling events would then eventually
translate into extensive, long-range movement. In the second possible outcome, silencing would not move any further because of a lack or inability of
homologous transcripts to act as templates for RDR6 and SDE3, as with the SULPHUR transcript (Fig. 3B). This would preclude further
production of 21nt siRNAs and movement would stop.
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RNA [14]. Accordingly, phloem-dependent movement of
GFP silencing had the same transmission rates through plant
stem sections in which expression of the N. benthamiana
RDR6 ortholog (nbRDR6) was abolished [21]. Thus, trans-
gene silencing moves over long distances through cells in which
there is no corresponding nuclear gene and, accordingly, no
relay-ampliﬁcation.1.6.2. Perception of the long-distance transgene silencing
signal in recipient tissues. Grafting experiments were also used
to address the molecular requirements for perception of
phloem-transported silencing in Nia plants [12]. Non-transgenic
scions grafted onto co-suppressed Class-II plants were silenc-
ing deﬁcient, despite the competence of those tissues for
long-distance transport (see above). Silencing only occurred
if scions carried highly transcriptionally active Nia transgenes
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nal perception. Remarkably, non-transgenic mutant plants
with Nia mRNA levels exceeding those of wt plants (Class-
III plants) became silenced when grafted onto Class-II silenced
stocks [12]. Therefore, high levels of target transcripts were
mandatory for signal perception, a result subsequently con-
ﬁrmed in GUS silenced transgenic tobacco [34]. More recently,
it was found that the eﬀects of graft-transmitted GFP silencing
were either absent or highly vein-restricted in leaves of GFP
transgenic scions deprived of nbRDR6 [21]. Although it was
concluded that nbRDR6 was required to perceive the signal,
it seems more likely, based on the ﬁndings on cell-to-cell move-
ment in Arabidopsis, that nbRDR6 was merely necessary for
ampliﬁcation. This was in fact clearly demonstrated in elegant
grafting experiments employing GUS transgenic tobacco
plants [34]. In all those experiments, the signal that unloads
from the phloem must be in limiting quantity because it is
not ampliﬁed during its long-distance transport (see above).
Therefore, the chances to generate a visual output of signal
perception (i.e., that the signal, or a derivative thereof, re-
trieves and degrades suﬃcient RNA targets for the eﬀect to
be phenotypically or molecularly appreciable) will be aug-
mented either if target availability is increased or if signal
ampliﬁcation allows for detection of low abundant targets in
recipient cells.
1.6.3. Plant factors required for phloem-dependent movement
of RNA silencing. Genetic screens for factors speciﬁcally re-
quired for phloem-dependent silencing movement have not
yet been implemented, for two main reasons. First, cell-to-cell
and long-distance movement are not easily separable pro-
cesses, as the former is necessary to visualize the latter. Second,
consistent and robust systemic silencing, as observed in solan-
acaeous species, has not been clearly demonstrated in Arabid-
opsis. A well-designed inducible RNAi system based on
oestradiol-inducible Cre/loxP DNA recombination did trigger
long-distance silencing of endogenous genes in Arabidopsis [9].
However, the eﬀect was transient and dependent upon com-
plete DNA excision required to activate the RNAi transgene.
Moreover, long-lasting silencing required repeated oestradiol
applications, such that some of the non-cell autonomous
eﬀects could have resulted from systemic oestradiol uptake
rather than bona ﬁde silencing movement [9]. This system
may still be very useful to assess how much of the genetic
requirements of cell-to-cell spread (e.g., SMD1, 2, 3; DCL4)
also apply to phloem-dependent movement.
Low cadmium levels inhibited phloem-dependent, but not
plasmodesmal silencing spread in tobacco [27]. Strikingly,
similar cadmium concentrations also inhibited systemic toba-
movirus movement, suggesting that silencing and viral long-
distance movements could be mechanistically related [27]. In
fact, cadmium speciﬁcally induced accumulation of a tobacco
glycine-rich protein in vascular cell walls; constitutive expres-
sion of this factor, called cdiGRP, inhibited long-distance
but not cell-to-cell spread of tobamoviruses by enhancing
callose deposits in the phloem [35]. Although its eﬀects on
systemic silencing await characterization, cdiGRP could pro-
vide a powerful handle towards identiﬁcation of plant proteins
regulating long-distance silencing transport in plants. Simi-
larly, identiﬁcation of cellular partners of the cucurbit
phloem-speciﬁc protein PSRP1 [8] could provide insightful
clues, provided the results are expandable to genetically ame-
nable species.1.6.4. No speciﬁc RNA species has been ﬁrmly implicated in
long-distance transport of transgene silencing. The nature of
the nucleic acid component of the phloem-transported silencing
signal remains controversial. On the one hand, experiments
with silencing suppressors indicated a tight correlation between
occurrence of 24nt-long GFP siRNAs in inﬁltrated tissues and
onset of systemic, as opposed to cell-to-cell silencing movement
in GFP transgenic N. benthamiana [28]. 23-24nt-long siRNAs
with sequence of the silenced transgene were also detected in
the phloem sap of systemically silenced transgenic cucurbits
[8]. However, experiments with GUS silenced tobacco showed
that the HcPro silencing suppressor eliminated the production
of both 21nt and 24nt GUS siRNAs without preventing graft
transmission of silencing from HcPro rootstocks to non-HcPro
scions. The presence of HcPro did, however, prevent signal per-
ception in the scions [22]. Use of HcPro with other silenced
transgenes encoding IR constructs or replicating viruses failed
to correlate long-distance silencing with accumulation of any
small RNA species, larger RNA or long dsRNA molecules
[22]. In addition, there was no clear correlation between the
abundance of 23-24nt siRNAs in phloem sap and the capacity
of cucurbits to produce a long-distance silencing signal; more-
over, other RNA species, including full-length sense and anti-
sense transgenic RNAs were detected [8]. The picture is
further complicated by the fact that diﬀerent transgene classes
may produce diﬀerent patterns of systemic silencing, if any,
as exempliﬁed with the very distinct responses of class-I, -II
and -IIINia plants. It may well be that there is no single nucleic
acid species that serves as a speciﬁc phloem-transported signal.
Rather, potentially any RNA intermediate in the silencing
pathway that is deliverable into the phloem could act as a
long-distance RNA silencing signal.2. Systemic RNA interference in C. elegans
2.1. Triggers and pathways of systemic RNAi
Systemic RNAi was unintentionally discovered in C. elegans
during gonad injection experiments: dsRNA mistakenly deli-
vered into the body cavity of injected animals gave the mus-
cle-speciﬁc RNAi phenotype expected in their oﬀspring [36].
In C. elegans, RNAi can be achieved through tissue-speciﬁc
or ubiquitous expression of IR transgenes. Alternatively,
dsRNA can be directly microinjected into any organ (including
gonads) or into the pseudo-coelomic ﬂuid of the body cavity.
A third method relies on ingestion, either by feeding worms
on dsRNA-expressing Escherichia coli or by soaking them into
dsRNA-containing growth medium [37,38]. In both cases, the
dsRNA is ingested through the pharynx and most likely assim-
ilated through the intestine lumen. Dissemination throughout
the organism therefore entails that silencing crosses the basal
intestinal surface to reach the coelomic ﬂuid surrounding all
organs (Fig. 5). Those delivery/dietary considerations are
signiﬁcant, because they provided important clues as to how
particular genetic mutations could separate the mechanism
of systemic RNAi into tissue-speciﬁc components. Of the three
above procedures for dsRNA delivery, only injection and
ingestion seem to reliably trigger robust systemic eﬀects.
Hence, RNAi induced by IR transgenes in body-wall muscles
and intestine, although potent for tissue-speciﬁc silencing,
did not spread in wt animals [39,40]. In one case, exceptionally
strong IR transgene expression could trigger RNAi at a
Fig. 5. A model for systemic RNAi in C. elegans. A C. elegans body cross-section is depicted. Silencing movement is initiated in the intestinal lumen
upon feeding on dsRNA, tentatively represented here as the systemic RNAi signal. Movement from the guts to the body cavity possibly occurs within
endocytic vesicles, upon which dsRNA is released. The spread of silencing through the coelomic ﬂuid is shown as being vesicle-independent to take
into account that SID-1 is a channel allowing passive dsRNA uptake into all targeted organs. It is unclear if proteins are required (possibly as
chaperones) during the coelomic dissemination process. Note that gonads appear to oppose speciﬁc barriers to dsRNA uptake, compared to other
organs. Factors required for dsRNA movement at speciﬁc organ boundaries are indicated in black. Those putatively involved are in dark blue,
whereas pale blue indicate an unlikely involvement.
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[41], although it was suﬃciently consistent to enable a genetic
screen for loss of systemic RNAi (sid mutants, see below).
Although injected siRNAs are transmitted to the progeny
[29], the eﬀect of feeding or soaking worms in siRNAs remains
to be evaluated and, to date, the most potent systemic RNAi
trigger is ingested or injected long (>100 bp) dsRNA. Systemic
RNAi is eﬃciently inherited but is rarely transmitted beyond
the F1 generation [42]; it can aﬀect all C. elegans tissues, with
the notable exception of neurons, which, nevertheless, undergo
cell-autonomous RNAi [36].
2.2. Genes required for systemic RNAi
Three independent genetic screens have identiﬁed several mu-
tants exhibiting compromised systemic RNAi. These have been
named sid (systemic interference defective), rsd (RNAi spreading
defective), and fed (feeding defective for RNAi) [39–41].
2.2.1. fed mutants. The fed-1 and fed-2 mutants failed to ini-
tiate RNAi upon feeding on dsRNA, including in gut cells.
However, their ability to mount an RNAi response when the
same dsRNA was injected into the pseudo-coelomic ﬂuid
was unchanged [39]. Therefore, fed mutants are likely speciﬁ-
cally defective in mechanisms that account for dissemination
of RNA silencing signals from the intestine lumen (Fig. 5).
Against expectation, fed-1 and fed-2 permitted systemic RNAifrom a muscle-speciﬁc IR transgene but the expressivity of this
phenotype was variable in mutant populations [39]. The signi-
ﬁcance of this phenomenon might be clariﬁed upon identiﬁca-
tion and characterization of the fed gene products.
2.2.2. rsd mutants. Like fed mutants, the rsd mutants, were
retrieved through a feeding screen and could be divided into
two classes [40]. rsd-4 and rsd-8 were defective in systemic
RNAi of both somatic and germline genes and, therefore, could
be aﬀected at any point from the initial uptake of dietary
dsRNA in the lumen to the subsequent traﬃcking of RNAi
to other organs (Fig. 5). rsd-8 was found allelic to sid-1 (see
below) whereas rsd-4 has not yet been cloned. Unlike rsd-4
and rsd-8 mutants, the rsd-2, rsd-3 and rsd-6 mutants were
not deﬁcient for systemic RNAi in the soma but failed to exhi-
bit systemic RNAi of germline genes [40]. The lack of silencing
in gonads did not result from an inability to mount an RNAi
response because all rsd mutants (unlike rnai deﬁcient mutants
of the core RNAi machinery) exhibited germline silencing when
gonads where directly injected. Therefore, the phenotype of rsd-
2, -3 and -6 suggests that a particular traﬃcking system might
be required to propagate RNAi across gonad- or germline-
speciﬁc cell boundaries. Alternatively, RSD-2, -3 and -6 may
be required in all cell types but might be rescued in rsd mutants
by paralogous protein activities or alternative uptake pathways
operating in non-germinal cells (Fig. 5). RSD-2, a large protein
5866 O. Voinnet / FEBS Letters 579 (2005) 5858–5871with no discernable motifs or close homologs in other organ-
isms, was found to interact with RSD-6, which contains a Tu-
dor domain frequently found in RNA-binding proteins. RSD-3
has an epsin N-terminal homology domain (ENTH) often ob-
served in vesicle traﬃcking proteins and, accordingly, is highly
expressed in cells actively engaged in endocytosis [40]. However,
C. elegans mutants defective in either clathrin-, caveolin- or
receptor-mediated endocytosis were not deﬁcient in germline-
targeted systemic RNAi (although the mutations tested were
likely hypormorphic because knockouts are known to be
lethal). Moreover, rsdmutants did not show nutritional or neu-
ronal symptoms normally associated with general endocytosis
defects, nor were they compromised for dextran uptake from
the medium or for endocytic uptake of yolk proteins in oocytes
[40]. Therefore, those ﬁndings suggest that RSD-3 may regulate
vesicle traﬃcking in a pathway speciﬁc for systemic RNAi. A
role for endocytosis in systemic RNAi may explain why tis-
sue-speciﬁc IR transgenes ineﬃciently trigger this process.
Thus, packaging into endocytic vesicles may be a prerequisite
for subsequent organ-to-organ dissemination of RNAi through
the coelome such that tissue- speciﬁc, IR-derived dsRNAmight
remain sequestered within cells.
2.2.3. sid mutants. The sid screen used transgenic animals in
which RNAi was initiated endogenously by expression of an IR
construct within the worm pharynx [41]. Mutants were identi-
ﬁed, in which RNAi still occurred within the pharynx but no
longer spread to adjoining tissues like body-wall muscles. At
least three complementation groups where retrieved (sid-1, -2
and -3) and sid-1 mutants were further characterized. Injected
RNAi could not spread from the intestine to the germline in
sid-1 mutants, but germline cells could sustain RNAi when di-
rectly delivered dsRNA. Importantly, SID-1 functioned cell
autonomously, consistent with its near-ubiquitous expression
in adult worms. However, SID-1 expression was speciﬁcally ab-
sent in the majority of neurons [41], possibly explaining why
those cells are generally resistant to systemic, but not cell-
autonomous RNAi. SID-1 is a multipass transmembrane pro-
tein accumulating at the cell periphery, suggesting a role as a
channel for dsRNA [41]. This was tested by expressing SID-1
in Drosophila cells lacking eﬃcient mechanisms for dsRNA up-
take from the surrounding medium. SID-1 provided this prop-
erty in the absence of ATP, suggesting an uptake mechanism
unrelated to endocytosis or phagocytosis (both energy-depen-
dent), and showed a marked preference for long (>100 bp)
dsRNA. siRNAs were 10000 times less eﬃcient [43]. Therefore,
SID-1 probably enables passive transport of dsRNA across cell
membranes in C. elegans and its requirement for post-intestinal
systemic RNAi is likely ubiquitous. However, SID-1 is not suf-
ﬁcient for uptake of RNAi from the gut and this function ap-
pears to require the product of sid2 (Craig Hunter, personal
communication) which, as for the remaining sid genes, awaits
identiﬁcation. All of the above genetic data are summarized
in the model depicted in Fig. 5. Among the many outstanding
points is the nature of the factors controlling exit from the intes-
tine into the pseudo-coelomic ﬂuid and whether coelomic trans-
port to target organs occurs in association with proteins.
2.3. Role of RdRps in systemic RNAi
Unlike in plants, C. elegans RdRps are absolutely manda-
tory for RNAi [30,44]. Thus, siRNAs are only detected in cells
where both a target mRNA and the RdRp are present;
accordingly, the detected siRNAs are mostly secondary, notprimary siRNAs [30]. This observation may reﬂect the neces-
sity of an siRNA threshold for their function, or, perhaps, a
poorly eﬀective or absent slicer activity in C. elegans, such that
target destruction might merely rely on successive rounds of
dsRNA synthesis and dicing (note that siRNA-directed endo-
nucleolytic cleavage has not been reconstituted in C. elegans
extracts). In any case, this situation makes it hard to address
the contribution or even the involvement of transitivity to
systemic RNAi. However, dsRNA targeted against a gene
expressed in one cell type led to transitive RNAi-mediated
silencing of a second gene expressed in a distinct cell type
[31], suggesting that a product of transitivity, either dsRNA
or siRNA could, at least, mediate systemic RNAi.
2.4. Nature of the RNAi mobile signal
A crucial observation in addressing the nature of the trans-
ported RNAi signal is that rde-4 mutants unable to produce
siRNAs, remained capable of transmitting a systemic RNAi
signal to RNAi-competent heterozygous oﬀspring [45]. This
result supports the idea that long dsRNA, but not siRNA, is
transported and is also consistent with the RNA aﬃnity of
SID-1 in Drosohila cells. Moreover, injection of siRNAs into
the gonads induced stronger RNAi of germline-speciﬁc genes
as opposed to genes expressed in other tissues [46]; likewise,
injection of siRNAs aﬀecting embryonic development into
one of the two gonads led to the death of 50% of laid embryos
indicating that the injected siRNA were not transported into
the second gonad [46]. Thus, the injected/ingested dsRNA
and/or long dsRNA products of transitivity (or any derivative
thereof that is not an siRNA) could mediate systemic RNAi.
Further experiments are required to address this issue.
2.5. Inheritance of systemic RNAi
Although systemic RNAi is inherited, its spread in progeny
animals is not eﬃcient and is rarely further inherited beyond
the F1 generation, with the exception of some germline-
targeted genes [42]. Moreover, inheritance, unlike systemic
spread (see above), required the activity of RDE-4, although
the eﬀects of inherited RNAi in progenies were themselves
RDE-4-independent [42]. Altogether, those observations imply
that the inherited agent is not the mobile signal that accounts
for systemic spread and, based on the strict requirements of
RDE-4 for siRNA synthesis, they strongly suggest that this
agent is siRNA.3. Systemic RNA silencing in other organisms
3.1. Systemic RNAi in planarians
Injection of dsRNA into the head cavity of Girardia tigrina
allowed sequence-speciﬁc knockdown of an eye-speciﬁc gene
involved in photoreceptor cell diﬀerentiation. Remarkably,
the eﬀect persisted for up to 3 weeks, upon which re-injection
was required to maintain the silenced phenotype [47]. More
recently, feeding Schmidtea mediterranea with bacteria express-
ing dsRNA recapitulated the systemic eﬀect of injected dsRNA
and allowed multigene targeting, which, furthermore, was
maintained throughout the process of organ regeneration
[48]. The eﬀects of injected siRNAs were not tested in those
studies. Although the molecular basis for systemic RNAi
in planarians remains unsolved, the technology will greatly
faci- litate large-scale screens for genes involved in regenera-
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nomenon [49].3.2. Systemic RNAi in insects
The strict cell autonomous eﬀects of RNAi triggered by
expression of tissue-speciﬁc IR transgenes [50,51] and the
absence of genome-encoded RdRps in Drosophila [52] have
somewhat contributed to the widespread belief that insects
lack a systemic RNAi pathway. However, experiments in
C. elegans clearly indicate that transgenic hairpin constructs,
in contrast to injected or ingested dsRNA, are, at best, sec-
ond-rate triggers of systemic RNAi [39,40]. In fact, injected
RNAi has allowed systemic knockdown of gene expression
in adult Drosophila and Anopheles gambiae [53,54], and is cur-
rently implemented in both organisms for genome-scale func-
tional screens. Moreover, dsRNA injection into the
haemocoel of adult Tribolium castaneum (ﬂoor beetle) resulted
in knockdown of zygotic genes, which was also manifested in
oﬀspring embryos, implying transfer across cell boundaries
[55]. Therefore, systemic RNA silencing pathways do exist in
at least some insects.
Furthermore, the lack of an RdRp gene in Drosophila does
not necessarily preclude non-cell autonomous silencing. For
instance, short-range cell-to-cell silencing movement in Arabid-
opsis rdr6 mutants caused, on its own, a signiﬁcant loss of gene
expression throughout plants (Fig. 3A, [25]). In fact, ampliﬁca-
tion processes might be superﬂuous in organisms with eﬃcient
dissemination systems (i.e haemolymph and coelomic ﬂuids are
in contact with most cells) and/or where the disseminated
silencing signal(s) are highly stable: in mosquito, unlike in
C. elegans [40], the injected dsRNA was readily detected up
to 12 days post-thoracic injection [54]. Besides, dsRNA ampli-
ﬁcation coupled to siRNA synthesis has been detected in
Drosophila embryo extracts [56]. Although contradicting gen-
ome annotations, those results could be easily explained by
cryptic or endogenous viruses providing extra-chromosomic
RdRp activities, possibly recruited for systemic RNAi in early
development. Interestingly, the ﬂy genome, unlike vertebrate
genomes, is devoid of a sid-1 gene. However, expression of
the worm SID-1 in cultured Drosophila Schneider-2 (S2) cells
greatly enhanced long dsRNA uptake by those cells [43]. Given
the high speciﬁcity and complexity of systemic RNAi in
C. elegans (previous section), this result is both spectacular
and challenging because it suggests that either the cellular
SID-1-dependent pathway for dsRNA uptake is strictly
monogenic in C. elegans, or that the required SID-1 partners
(perhaps orthologous to SID-2 and -3) are indeed present
in S2 cells. Noteworthy, a sid-1 homolog has been
detected in the honeybee genome (Graig Hunter, personal
communication) and a protein with the characteristic
N-terminal epsin signature of the C. elegans RDS-3 is ex-
pressed in Drosophila.
3.3. Systemic RNAi in mammals: an open question
RNAi is mostly employed for gene knockdown in cul-
tured mammalian cells, but there are reports of systemic ef-
fects in adult animals, mainly mice. Since long dsRNA
triggers non-speciﬁc reactions owing to innate immune
responses [57], synthetic siRNAs or plasmid encoding
short-hairpin RNAs are employed. In most cases, the tar-
geted organs were either directly injected into sequesteredanatomical sites [58–60] or delivered to highly irrigated or-
gans through an hydrostatic tail vein injection procedure
[61–63], making it diﬃcult to assess the existence of bone
ﬁde systemic RNAi mechanisms. As in Drosophila, the lack
of RdRp-encoding gene in mammalian genomes is also of-
ten used as an argument against the existence of such a
mechanism. However, for reasons discussed above, and
based on intriguing recent ﬁndings, it is probably wise to
leave this question open, especially since the current
approaches of systemic mammalian RNAi are in their in-
fancy and mostly empirical.
A ﬁrst remarkable observation is that RNAi in vivo appears
much more eﬃcient and persistent than RNAi in vitro. For
instance, it was highly eﬀective in combating already estab-
lished and extremely virulent inﬂuenza infections in adult mice
[62,63]. Moreover, siRNA treatments of fulminant hepatitis
were eﬀective up to 10 consecutive days post-administration
in adult mice [61] and cholesterol-coupled siRNA with stabiliz-
ing chemical modiﬁcations had an authentic, clinical, systemic
eﬀect in mice [64]. Perhaps more compelling, a functional SID-
1 ortholog is expressed in mammalian cells. The Human SID-1
has a cell membrane distribution consistent with a role as a
trans-membrane channel. Over-expressed Human SID-1 also
signiﬁcantly facilitated, in an ATP-independent manner, the
rapid cellular uptake of siRNAs delivered by soaking into ser-
um-free medium [65]. Although the aﬃnity of Human SID-1
for longer dsRNA and other nucleic acids has not been tested
yet, the remarkable degree of conservation in structure and
function between the ﬂy and mammalian proteins suggests that
a systemic RNAi pathway may exist in higher vertebrates.
Alternatively, the vertebrate SID-1s may have evolved to per-
form other silencing-unrelated functions (perhaps mediating
innate immune responses to dsRNA) such that facilitation of
siRNA uptake in human cells could represent a remnant acti-
vity of the protein.4. Biological roles of systemic RNA silencing
4.1. Antiviral defense in plants
4.1.1. Antiviral silencing signals and virus movement. The
link between systemic silencing and plant antiviral defense
is almost self-evident from the resembling timing and path-
ways of silencing and virus movement ([14] and Figs. 1 and
2). Probably all phytoviruses activate an RNA silencing de-
fense, and non-cell autonomous silencing could form the
systemic arm of this response [66]. A virus-induced-silencing
signal moving ahead of the infection front could prime
silencing in cells that are yet to be infected, such that move-
ment of the pathogen into those cells would be delayed or
precluded. The results of several experiments now convinc-
ingly support this model. First, movement-defective mutants
of Potato virus X (PVX) modiﬁed to contain endogenous
gene fragments generated systemic silencing phenotypes of
the corresponding genes, despite conﬁnement of virus repli-
cation into a single leaf [67]. Moreover, the phloem of
Cucumber yellows closterovirus-infected pumpkin contained
high levels of siRNAs directed along the length of the viral
genome [8]. Second, several viral-encoded proteins speciﬁ-
cally suppressed systemic, as opposed to intracellular silenc-
ing (Qu and Morris, this issue). For instance, long-distance
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ment protein (P25) was debilitated, although its expression
did not eﬀect silencing in inoculated cells [67]. The 2b
protein of Cucumber mosaic virus also directly inhibited
phloem-dependent movement of silencing in triple-grafting
experiments [68].
Viral-encoded silencing suppressors also inhibit cell-to-cell
silencing movement. For instance, theCymbidium ringspot virus
(CymRSV) P19 protein was dispensable for phloem-dependent
virus movement and replication in vascular bundles [69]. How-
ever, lack of P19 prevented further cell-to-cell invasion of the
leaf lamina, which, although virus-free, exhibited nucleotide
sequence-speciﬁc resistance to CymRSV [70]. Therefore, P19
likely prevented the onset or cell-to-cell movement of a mobile,
virus-induced silencing signal. When artiﬁcially delivered into
the vasculature, the recombinant P25-deﬁcient PVX also remai-
ned conﬁned within the phloem, fromwhich short-range (10–15
cells) movement of silencing was elicited [25]. Since P25 also
facilitates viral cell-to-cell traﬃcking by increasing plasmodes-
mata aperture, PVX movement may therefore depend on both
physical gating of the viral genome and inhibition of an antivi-
ral silencing signal.
4.1.2. A link between systemic silencing and meristem
exclusion of plant viruses?. Stem-cell niches called meristems
are perpetually regenerated at the plant apical growing points
to produce mature organs, including those generating pollen
and seeds [71]. Although apical growing points are strong
photosynthetic sinks and, consequently, a preferred destina-
tion of viruses, most plant meristems are immune to most
viruses [72]. It seems, based on recent results, that viral mer-
istem exclusion is at least partly caused by RNA silencing be-
cause RNA viruses invaded the meristems of N. benthamiana
plants expressing viral silencing suppressors [73] or with com-
promised nbRDR6 activity [21]. Given the link between
RDR6 and silencing signal ampliﬁcation, an attractive model
was proposed, in which NbRDR6 recruits a virus-derived
silencing signal produced just ahead of the infection front to
trigger an immediate and potent silencing response against
the pathogen as it penetrates the growing point [21]. The
extent to which this non-cell autonomous model for meristem
exclusion applies to plant-virus infections remains to be
determined.4.2. Antiviral defense and environmental sensing in animals
The antiviral eﬃcacy of therapeutic siRNAs in mice and
the existence of a mammalian siRNA transporter (SID-1)
could indicate a possible role for systemic RNAi in antiviral
defense. However, mammalian cells already exhibit cellular
and systemic innate immune responses to dsRNA that are
not sequence-speciﬁc in nature [57], such that the existence
of an siRNA-based antiviral immunity in mammalian cells
needs ﬁrst to be demonstrated before putative systemic ef-
fects are considered. By contrast, antiviral RNA silencing
has now been documented in several invertebrate species
(Li and Ding, this issue), but the precise contribution of
non-cell autonomous silencing to the overall response re-
mains unclear. Thus, invertebrate models for antiviral
RNA silencing (Drosophila, mosquito) have not been suﬃ-
ciently studied with regards to non-cell autonomous silencing
pathways and, conversely, organisms with well-deﬁned sys-
temic RNAi machineries (C. elegans) lack suitable systemsfor antiviral silencing studies. However, Flock house nodavi-
rus replication was recently successfully established in C. ele-
gans and it was clearly negatively impacted by speciﬁc RNAi
components [74]. Given that well-characterized systemic
RNAi mutants are now available [39–41] the nodavirus sys-
tem holds great promises to study non-cell autonomous anti-
viral silencing in invertebrates.
Apart from the artiﬁcial nodavirus system, no single virus
has ever been found to naturally infect nematodes (but para-
sitic nematodes can transmit infectious viral particles).
Although it could indicate that antiviral silencing is extraordi-
narily potent in worms (unlikely) this observation questions
the beneﬁt and purpose of systemic RNAi in C. elegans.
The process may reﬂect the accidental uptake and spreading
of dsRNA molecules by a general nucleic-acid scavenging
mechanism, part of the worm feeding habit [75]. However,
systemic RNAi mutants are not obviously impaired in the up-
take of dietary nucleic acids [40], although, under nutrient-
limiting conditions, the uptake and distribution of RNA
through systemic RNAi may become critical for survival.
The expression pattern of systemic RNAi genes is also
intriguing. Notably, the few neurons that strongly express
sid-1 have externally exposed axons and, similarly, non-neuro-
nal cells with strong sid-1 expression are all in tissues directly
exposed to the environment (e.g., pharynx [41]). Likewise, rsd-
3 is highly expre-ssed in coelomocytes, endocytic cells that
perpetually sample the pseudo-coelomic ﬂuid that distributes
nutrients to most cells [40]. It seems, therefore, that systemic
RNAi may be involved in responding to environmental cues,
possibly including microbial pathogens such as bacterio-
phages. Accordingly, certain contaminated growth media
trigger an exacerbated systemic RNAi response, although
the nature of the contaminants involved remains unknown
[39].4.3. Non-cell autonomous regulation of gene expression?
The recent discovery, in most eukaryotes, of endogenous
eﬀectors of RNA silencing has provided a new dimension
in our perception of gene regulation (see reviews by Herr,
Chen as well as Wienholds and Plasterk in this issue). In par-
ticular, miRNAs have been crucially implicated in key devel-
opmental processes, both in plants and animals. The systemic
nature of experimental and antiviral RNA silencing has
prompted speculations that some endogenous small RNAs
could also exert their function non-cell autonomously
[25,76,77]. Movement of miRNAs known to target key devel-
opmental regulators, for instance, could contribute to the
gradients of gene expression that are often required for pat-
terning [78]. In plants, a role for miRNAs as epigenetic
RNA morphogens is consistent with the fact that protein
and RNA traﬃcking is extensive within meristematic cell lay-
ers [79]. In addition, studies of miR165 and miR166, two neg-
ative regulators of leaf polarity, showed a gradual
distribution in leaf primordia consistent with that of a mobile
signal [80,81]. However, a precise dissection of both miRNA
and target expression patterns will be necessary to validate
this idea, provided the required levels of movement resolution
are technically achievable.
Non-cell autonomous gene regulation by small RNAs may
also occur post-developmentally, between cells of mature or-
gans. In Arabidopsis, however, combined analyses employing
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revealed strictly overlapping transcription and activity patterns
for miR171, indicating cell-autonomous functions in adult tis-
sues [82]. Analyses of additional plant miRNAs have now con-
ﬁrmed and extended those ﬁndings (G. Morilla, J. Gallego
Bartolome and O. Voinnet, unpublished data). In situ hybrid-
ization in adult zebraﬁsh similarly revealed exquisite tissue-
speciﬁc miRNA patterns deﬁning sharp boundaries between
contiguous cell types, which strongly suggested cell-autonomy
([83], reviewed by Wienholds and Plasterk in this issue). The
Arabidopsis observations are intriguing because hairpin-de-
rived siRNAs had a default movement pattern of 10–15 cells
in the same adult tissues where lack of miRNA movement
was evidenced ([25] and Fig. 3A). Because miRNAs and siR-
NAs engage in similar, if not identical eﬀector complexes (i.e
RISC), these observations suggest that the movement fate of
small RNAs is determined at early biosynthetic steps, perhaps
by speciﬁc DCL4-interacting proteins. Thus, although
SMD1,2 and 3 have been assigned traﬃcking functions in
the model in Fig. 4, they could equally be part of this proposed
small RNA sorting system. Noteworthy, recently identiﬁed
cellular siRNAs, called trans-acting (ta)siRNAs, are produced
by DCL4 from endogenous RDR6-dependent dsRNA, and, as
such, have all the required features for cell-to-cell movement
[84,85]. Analysis of ta-siRNAs in mature tissues may be key
to unravel non-cell autonomous gene regulations by small
RNAs in plant tissues. Post-developmental gene regulation
by small RNA could also occur over long-distances. Hence,
the phloem sap of healthy, non-transgenic pumpkin contained
high amounts of siRNAs and of selected miRNAs [8]. This
ﬁnding may have great biological signiﬁcance for plant long-
distance signaling processes with currently poorly understood
molecular foundation [86]. However, it could also merely ref-
lect a normal and incidental outﬂow of miRNAs accumulating
in nucleated companion cells (Fig. 2, inlay 4). Clearly, further
investigation will be required to address those important
issues.
The prospect of endogenous small RNA moving through-
out entire organisms provides an opportunity to end this
review with a series of sensational, yet controversial results
obtained in the 1960s by J.V. McConnell. He established that
ﬂatworms could be reliably conditioned to move in response
to light or vibrations [87]. Upon separation of the head (con-
taining the brain) from the tail in trained animals, persistent
behavioral changes were observed in animals regenerating
from either half. Moreover, conditioning was enhanced by
injecting extracts of trained planarians into naı¨ve planarians,
or simply by feeding them trained animals. Surprisingly, the
active principle in the extract appeared to be RNA [87].
Although several groups replicated and extended these ﬁnd-
ings in planarians and although RNA-mediated transfer
eﬀects were even reported for learning in rats [88,89], this
research was eventually abandoned because not all laborato-
ries could reproduce those eﬀects reliably [90]. Interestingly,
RNAi had remained completely unnoticed – more likely
unexplored – for decades of modern molecular biology simply
because the combination of elements required to consistently
trigger the phenomenon could not be readily anticipated or
simply achieved by researchers. Now that conditions and
reagents are available to reproducibly activate systemic RNAi
in regenerating planarians, it might be worth revisiting
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